Background: Maternal care and dopamine modulate brain activity during emotion processing
Introduction
Converging evidence has suggested that emotional behavior in animals and humans is modulated by genetic variation (Soliman et al., 2010) . However, twin studies have also indicated that heritability of basic emotions is not always large (Bartels et al., 2010) . For example, environmental stimuli like quality of the parent-child relationship are known to modulate understanding of emotions (Cassidy et al., 1992) . In fact, several studies have demonstrated gene by environment interactions on emotional behavior supporting the relevance of the relationship between 'nature and nurture' (Francis et al., 1999; Caspi et al., 2003; Francis et al., 2003; Ishai et al., 2005; Badgaiyan et al., 2009; Domes et al., 2009; Fusar-Poli et al., 2009a; FusarPoli et al., 2009b; Trautmann et al., 2009) . However, only a limited number of studies in humans have investigated gene by environment interactions on physiological correlates of specific behavioral phenotypes related to emotion processing (Gatt et al., 2010a; Gatt et al., 2010b) .
A large body of literature has consistently indicated that emotional behavior is supported by activity of limbic and prefrontal areas (Phillips, 2003) . More specifically, previous functional neuroimaging studies in humans have revealed that the amygdala, the prefrontal cortex, and striatal regions are involved in processing of emotionally salient sensory cues (Adolphs et al., 1996; Phelps and LeDoux, 2005) . Moreover, the ventral striatum may be selectively involved in processing of anger but not of other emotions (Calder et al., 2004) . Within these brain areas, there is evidence for further selectivity. A recent meta-analysis strongly suggests laterality effects on emotional processing, with left-lateralized amygdala response during evaluation of aversive emotional stimuli (Fusar-Poli et al., 2009a) . Several other studies also support lateralization of activity in the left inferior frontal gyrus (IFG) during processing of aversive stimuli (Badgaiyan et al., 2009; FusarPoli et al., 2009a; Trautmann et al., 2009 ). These studies suggest that processing of aversive stimuli is lateralized more robustly to left amygdala and IFG. Dopamine (DA) signaling is an important modulator of activity in the emotion brain network Menon et al., 2007; Blasi et al., 2009b) . For example, studies in animal models have indicated that DA signaling biases affective responses by increasing excitatory sensory inputs and attenuating inhibitory prefrontal inputs to limbic regions, including the amygdala and the medial striatum (Karreman and Moghaddam, 1996) . Consistently, studies in humans have revealed that DA is released under stress and modulates activity in medial temporal and prefrontal regions during processing of emotionally relevant stimuli (LaBar and Cabeza, 2006; Panksepp, 2006; Oswald et al., 2007) . Furthermore, a recent PET study in healthy humans has indicated that DA is released during emotional processing in amygdala and IFG, once again in the left hemisphere (Badgaiyan et al., 2009) . An important environmental variable baring a tight relationship with emotion processing and DA physiology is maternal care (MC). For instance, early maternal sensitivity has been positively associated with later aggressive responses, and early maternal depressive symptoms have been positively associated with children's negative attributions (Raikes and Thompson, 2008) . Moreover, MC behavior appears to be tightly related with DA signaling in animals (Byrnes et al., 2002; Miller and Lonstein, 2005; Numan et al., 2005) and in humans , especially in dorsal and ventral striatal areas ( (Pruessner et al., 2004) . All together, these data suggest that emotion processing, MC, and DA signaling are strongly interconnected in modulating brain physiology. In the present study, we have used functional magnetic resonance imaging (fMRI) in healthy humans to investigate the putative effect of self-reported MC, of the DAT 3'VNTR polymorphism, and of their interaction on brain activity during processing of aversive emotional stimuli. Based on previous knowledge about the association between DAT 3'VNTR and MC with DA signaling and about the role of DA in emotion processing and behavior, we hypothesized that DAT 3'VNTR and MC would explain some of the variance in brain activity and connectivity of the emotion brain network. Given previous data indicating interaction between DA and emotion processing (Ishai et al., 2005; Badgaiyan et al., 2009; Domes et al., 2009; Fusar-Poli et al., 2009a ; Fusar-Poli et al.,
Methods and Materials

Subjects
Sixty-one healthy subjects (19 males, age mean+SD 23.7+ 4,4 years, IQ 108,9 + 11,9
[WAIS], handedness 0,7 + 0,4 [Edinburgh Inventory]) who had undergone extensive clinical evaluation, were recruited for this study. Inclusion criteria were absence of any neurological or psychiatric disorder and of any other medical condition, absence of any pharmacological treatment that could influence cerebral metabolism or blood flow, history of significant drug or alcohol abuse (no active drug use in the past year). All subjects gave written informed consent to the study after the procedure had been fully explained. The protocol was approved by the local Institutional Review Board (IRB) at the University of Bari.
Genotyping
DNA was extracted from whole blood using standard procedures. rs28363170 genotypes were determined as reported previously (Bertolino et al., 2006, supplemental material; Bertolino et al., 2009b) . Previous studies have consistently demonstrated association of the rs4795541 (5-HTTLPR) functional polymorphism in the serotonin transporter gene (SLC6A4) with activity in the emotion network during incidental processing of aversive stimuli. Thus, we genotyped all subjects also for this genetic variant as previously reported (Bertolino et al., 2005) in order to control for potential biasing effects. With this aim, χ 2 was performed on DAT 3'VNTR to investigate between groups distribution of the 5-HTTLPR variant.
Maternal care (MC)
All subjects completed the Parental Bonding Instrument (PBI) for assessment of the quality of parenting ) (see supplemental information). This questionnaire uses a cut-off score of 27 to discriminate subjects with ''high'' and ''low'' MC (Parker and Lipscombe, 1979; and has been utilized as such in several previous studies (Pruessner et al., 2004; Buss et al., 2007; Engert et al., 2009; Pruessner et al., 2010) . Moreover, in the original studies by Parker et al. Parker, 1983 Parker, , 1989 Parker, , 1990 factor analytic strategies were used to identify PBI items that best defined and refined parental dimensions. Therefore, use of this questionnaire to derive a continuous score of MC is not recommended Parker, 1983 Parker, , 1989 Parker, , 1990 . To control for other potential confounding effects associated with aspects of personality and childhood trauma, subjects also completed the Big Five Questionnaire (BFQ) for the measurement of the Big Five
Factor Model (which includes the factors Extraversion, Agreeableness or Friendliness, Conscientiousness, Emotional Stability or Neuroticism, and Intellect or Openness to Experience) (Caprara et al., 1993) and the Stressful Life Events (SLE) (Caspi et al., 2003) , with the aid of a lifehistory calendar (Freedman et al., 1988; Caspi et al., 1996) , a structured interview to facilitate rapid and accurate recall of life events experienced by adults (See supplemental material).
Experimental paradigm
The event-related fMRI paradigm (Blasi et al., 2009a; Blasi et al., 2009b) consisted of the presentation of faces with angry, fearful, happy and neutral emotional expressions from a validated set of facial pictures (Tottenham et al., 2009 ). Subjects were asked to identify the gender of each face (implicit emotional processing). Each stimulus was presented for 500 ms, with an interstimulus interval (ISI) randomly jittered between 2 and 7 seconds. The order of facial emotional stimuli was pseudo-randomized across the session (Friston et al., 1999) . The stimuli used were pictures of faces with four different expressions. In particular, the same ~40 faces were presented with each of the expressions used. The total number of stimuli was 144: 30 angry, 39 fearful, 37 happy and 38 neutral faces. A fixation cross hair was presented during ISI. Total duration of the task was 6 minutes and 8 seconds. In the present study, we focused our analysis on brain responses during processing of aversive facial stimuli (angry and fearful expressions). We focused on these stimuli because their processing is associated with robust and consistent responses of the emotion network (Ljungberg et al., 1992; Adolphs et al., 1996; Phelps and LeDoux, 2005) and it is supported by activity of the DA system (Pani et al., 2000; Panksepp, 2006; Oswald et al., 2007; Kienast et al., 2008) . fMRI responses were modeled using a canonical hemodynamic response function and temporally filtered using a high-pass filter of 128 Hz to minimize scanner drift.
Data analysis
Behavioral data
In order for the analyses of behavioral data to be consistent with those of functional imaging (see below), accuracy and reaction time were analyzed for relative differences using a ratio of a difference to a baseline value with the following formula:
accuracy at angry (or fearful) faces -accuracy at neutral faces accuracy at neutral faces
The same procedure was used for reaction time (RT) data. Thus, a repeated measures ANOVA with MC and DAT as categorical predictors and normalized performance relative to each facial expression (angry and fearful) as the within-subjects factor was used to compare these behavioral measures. Fisher's LSD (Least Significant Difference) and t test for dependent samples were used for post-hoc comparisons as appropriate.
fMRI data
Whole-brain image analysis was performed using Statistical Parametric Mapping 5 (SPM5 -http://www.fil.ion.ucl.ac.uk/spm; Wellcome Department of Imaging Neuroscience, London, UK).
Images for each subject were realigned, spatially normalized into the Montreal Neurological
Institute template (12 parameter affine model), and spatially smoothed (10 mm Gaussian filter).
After realignment, data sets were also screened for high quality (scan stability) as demonstrated by small motion correction (<2 mm translation, <1.5° rotation). Emotional faces were used as regressors and convolved with a canonical Haemodynamic Response Function. BOLD responses relative to processing of happy faces were included as a separate regressor and not examined.
Predetermined condition effects at each voxel were created using a t statistic, producing statistical images for BOLD responses to brain processing of each aversive relative to neutral facial expression (angry>neutral and fearful > neutral). Therefore, individual contrasts were entered in a second-level random effects ANOVA to investigate at the group level the effect of DAT 3'VNTR genotype, of MC, and of their interaction. In particular, we performed a factorial ANOVA with task condition as a repeated measure (no sphericity correction) and DAT 3'VNTR as well as MC as independent factors.
To evaluate change of functional connectivity within the circuitry associated with processing of aversive stimuli as a function of MC and DAT 3'VNTR genotype, we performed psychophysiological interaction (PPI) analysis (Friston et al., 1997) using as seed the cluster in left IFG where an interaction between Task, MC, and DAT 3'VNTR was found (see results). The first eigenvariate of individual raw activation time courses was extracted by using singular value decomposition method from a volume of interest (VOI) centered on the subject-specific peak cluster within the seed regions. These time courses were then mean centered, high-pass filtered, and deconvolved. A general linear model was computed using three regressors: a physiological regressor (the time course response in the VOI), a psychological regressor (the presentation of emotional faces), and a psychophysiological interaction term, calculated as the cross-product of the previous two terms (for more specific details, see supplemental method).
Thus, subject-specific statistical PPI contrast images were entered in second-level random effects analyses to evaluate the effect of DAT 3'VNTR genotype, of MC, and of their interaction.
Brodmann's areas were assigned to activated clusters using the Talairach Daemon (Ishai et al., 2005; Badgaiyan et al., 2009; Domes et al., 2009; Fusar-Poli et al., 2009a; Fusar-Poli et al., 2009b; Trautmann et al., 2009 ). Furthermore, we focused our analysis on ventral striatum, putamen and caudate based on previous data indicating their association with MC associated behavior (Pruessner et al., 2004) . ROIs were identified using the WFU Pickatlas software version 1.04
(http://www.rad.wfubmc.edu/fmri) (Maldjian et al., 2003) . We used the same procedure for PPI analyses. Finally, BOLD responses and PPI values were extracted from significant clusters using MarsBar (http://marsbar.sourceforge.net/) to further explore the impact of MC, DAT 3'VNTR genotype, and facial expressions on brain activity and connectivity.
Brain activity -behavior correlations
To further investigate the relationship between imaging findings and behavior, we performed Pearson's tests to evaluate the potential correlation between BOLD responses in the IFG cluster differentiating responses in LMC 10-10 and HMC 10-10 individuals (see below, results section) and an index of emotional behavior. For this purpose, we used the Big Five Questionnaire (BFQ) (Caprara et al., 1993) , which measures personality traits including those relative to emotional behavior. In particular, we focused on the facet "emotion control" within the 'emotion stability' dimension of the BFQ, which is defined as the capacity to cope adequately with one's own anxiety and emotionality (Caprara et al., 1993) . Our choice to focus on this parameter was based on the fact that we are evaluating brain responses to emotional stimuli and on the previously demonstrated relationship between emotion control scores and genetic modulation of dopaminergic signaling (Blasi et al., 2009b) .
Results
Demographics and Behavioral Performance
There were twenty-four DAT 3'VNTR 10-10 individuals, twenty-six 9-10, eleven 9-9.
Genotypes displayed Hardy-Weinberg equilibrium (χ 2 =0.7, p=0.4). Because of the relatively small number of 9-repeat homozygous subjects and consistent with earlier studies as well as with the known distribution of these two alleles in the population (Szekeres et al., 2004; Bertolino et al., 2006; Gilbert et al., 2006; Scott et al., 2006; Laucht et al., 2007; Bertolino et al., 2008; Bertolino et al., 2009 ), we grouped all subjects carrying at least one 9-repeat allele (9-repeat carriers -9-car -, N=37) for further analyses.
Based on the PBI cut-off score (Parker and Lipscombe, 1979; 
PPI
PPI was performed using as seed the left IFG cluster of activity in which the three-way interaction was identified. ANOVA indicated no effect of facial expression, MC or DAT 3'VNTR on IFG functional connectivity. However, there was a significant interaction between DAT 3'VNTR genotype and MC on functional connectivity between IFG and left amygdala (left amygdala: x=-30, y=-4, z=-22; Figure 4 ). Post-hoc analysis with Fisher's test on functional connectivity values revealed greater IFG-amygdala functional connectivity in LMC 10-10 subjects relative to LMC 9-car (Fisher's p=0.007) and to HMC 10-10 subjects (Fisher's p=0.005) as well as in HMC 9-car relative to LMC 9-car (p=0.015) and HMC 10-10 (p=0.009) subjects (Figure 3) . No other significant interaction was found.
Correlations
There was a statistically significant negative correlation between emotion control scores and IFG BOLD responses during processing of fearful faces (r=-0.66, p=0.04) in LMC 10-10 subjects ( Figure 5 ). This correlation was not significant in HMC 10-10 individuals (r=-0.01, p=0.98).
Furthermore, a sign test indicated that there was a strong statistical trend for a difference between coefficients of these correlations (p=0.07).
Discussion
The present results indicate that the interaction between self-reported MC scores and 3'VNTR DAT genotype is associated with differential brain activity and connectivity during implicit processing of aversive facial stimuli. More specifically, HMC subjects were faster when processing fearful relative to angry faces while no difference was evident in LMC subjects. LMC subjects had greater activity in striatum including its ventral portion relative to HMC individuals during emotion processing. Furthermore, the interaction between emotion processing, DAT 3'VNTR genotype, and MC was associated with activity in left IFG, where HMC subjects homozygous for the 10-repeat allele have lower activity during processing of fearful faces. Finally, left IFG-left amygdala functional connectivity during emotional processing was also modulated by the interaction between MC and DAT 3'VNTR genotype demonstrating a clear double dissociation.
All together, these results suggest that genetic and environmental factors such as DAT 3'VNTR genotype and MC interact in modulating behavior and brain physiology during emotion processing in healthy humans.
We found a specific effect of perceived MC on striatal activity. LMC subjects have greater BOLD responses in striatum including its ventral portion during evaluation of aversive emotional stimuli. Previous evidence suggests that the ventral striatum may be selectively involved in processing signals of anger (Calder et al., 2004) and that low MC is associated with greater DA release in basal ganglia during stressful situations (Pruessner et al., 2004) . Furthermore, stress associated with perception of qualitatively and quantitatively different pain is positively correlated with DA levels in this brain region (Scott et al., 2006) . Our findings of greater striatal activity in LMC subjects, possibly driven by greater DA signaling, are in line with these earlier studies and/or more generalized reactivity to these stimuli. However, a more parsimonious interpretation of the difference in striatal activity is that LMC subjects tend to over-react to emotional stimuli. This suggestion is consistent with a large body of literature suggesting that LMC is related to greater anxiety and reactivity to emotional stimuli (Liu et al., 1997; Francis et al., 1999; Meaney, 2001) . In line with previous studies on emotion processing indicating that DA is released in IFG and in amygdala (Badgaiyan et al., 2009 ) possibly modulating their functional connectivity Drabant et al., 2006) , the impact of MC and DAT genotype on DA signaling may also be invoked to interpret at least part of their association with differential functional connectivity between left IFG and left amygdala. In particular, LMC 10-10 individuals and HMC 9-car had greater functional connectivity between these brain regions relative to the other two groups of subjects demonstrating a clear double dissociation. These results are consistent with previous literature demonstrating DA mediated regulation of neural processing in frontal cortex. In particular, several previous studies have indicated that optimal levels of DA signaling are associated with more efficient processing of environmental stimuli . DAT 3'VNTR genotype/MC configurations possibly associated with lower (HMC 10-10) or with greater (LMC 9-car) dopaminergic tone are those with lower PPI values. In these subjects, DA levels may be less than optimal, with associated reduced prefronto-amygdala functional connectivity.
A possible limitation of this study could be the use of perceived retrospective MC measures which could reflect the subjects' false memories or even their current interpretation of the type of care they received. However, previous literature has indicated that PBI scores are stable over time (Gotlib et al., 1988; Wilhelm et al., 2005) , suggesting that they are a reliable measure of perceived MC, at least in terms of stability.
Despite this limitation about the interpretation, our findings suggest that genetic and environmental factors modulate brain activity and behavior during emotion processing in humans.
Future studies addressing the contribution of the interaction between DAT 3'VNTR genotype and MC to the pathophysiology of brain disorders are warranted. Table showing 
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